Inner-shelf ocean dynamics and seafloor morphologic changes during Hurricane Sandy by Warner, John C. et al.
Contents lists available at ScienceDirect
Continental Shelf Research
journal homepage: www.elsevier.com/locate/csr
Research papers
Inner-shelf ocean dynamics and seaﬂoor morphologic changes during
Hurricane Sandy
John C. Warnera,⁎, William C. Schwaba, Jeﬀrey H. Lista, Ilgar Safaka, Maria Listeb,
Wayne Baldwina
a Coastal and Marine Geology Program, US Geological Survey, 384 Woods Hole Road, Woods Hole, MA 02543, USA
b Integrated Statistics, Woods Hole, MA, USA1
A R T I C L E I N F O
Keywords:
Shoreface connected sand ridges, sediment
transport
Fire Island, NY
Hurricane Sandy
Inner shelf
Numerical modeling
A B S T R A C T
Hurricane Sandy was one of the most destructive hurricanes in US history, making landfall on the New Jersey
coast on October 30, 2012. Storm impacts included several barrier island breaches, massive coastal erosion, and
ﬂooding. While changes to the subaerial landscape are relatively easily observed, storm-induced changes to the
adjacent shoreface and inner continental shelf are more diﬃcult to evaluate. These regions provide a framework
for the coastal zone, are important for navigation, aggregate resources, marine ecosystems, and coastal
evolution. Here we provide unprecedented perspective regarding regional inner continental shelf sediment
dynamics based on both observations and numerical modeling over time scales associated with these types of
large storm events. Oceanographic conditions and seaﬂoor morphologic changes are evaluated using both a
coupled atmospheric-ocean-wave-sediment numerical modeling system that covered spatial scales ranging from
the entire US east coast (1000 s of km) to local domains (10 s of km). Additionally, the modeled response for the
region oﬀshore of Fire Island, NY was compared to observational analysis from a series of geologic surveys from
that location. The geologic investigations conducted in 2011 and 2014 revealed lateral movement of
sedimentary structures of distances up to 450 m and in water depths up to 30 m, and vertical changes in
sediment thickness greater than 1 m in some locations. The modeling investigations utilize a system with grid
reﬁnement designed to simulate oceanographic conditions with progressively increasing resolutions for the
entire US East Coast (5-km grid), the New York Bight (700-m grid), and oﬀshore of Fire Island, NY (100-m
grid), allowing larger scale dynamics to drive smaller scale coastal changes. Model results in the New York Bight
identify maximum storm surge of up to 3 m, surface currents on the order of 2 ms−1 along the New Jersey coast,
waves up to 8 m in height, and bottom stresses exceeding 10 Pa. Flow down the Hudson Shelf Valley is shown to
result in convergent sediment transport and deposition along its axis. Modeled sediment redistribution along
Fire Island showed erosion across the crests of inner shelf sand ridges and sedimentation in adjacent troughs,
consistent with the geologic observations.
1. Introduction
Recent extreme storm impacts on the US East Coast include
Hurricane Isabel in 2003, the extratropical system Nor'Ida in 2009,
Hurricane Irene in 2011, and Hurricane Sandy in 2012, one of the
most costly and destructive storms in US history. Hurricane Sandy
developed into a tropical storm in the Caribbean Sea on October 22,
2012, and intensiﬁed into a hurricane on October 24 as it traveled
north across the Caribbean Islands. The storm evolved through several
cycles of intensity as it traveled along the US East Coast and eventually
reached a Category 2 with winds exceeding 154 km/h (96 mi/h) on
October 29 well oﬀshore of Cape Hatteras, NC. The storm then
weakened to a post tropical cyclone before making landfall near
Brigantine, New Jersey, on October 29 at 2300 UTC with winds on
the order of 70 km/h (44 mi/h) (Blake et al., 2013; Fig. 1).
Assessment of the impact of Hurricane Sandy identiﬁed damage
from winds, ﬂooding from rainfall and storm surge, and coastal
erosion. The alterations to the coast included massive redistribution
of sediment in the coastal zone, reduction of dune heights, and several
barrier island breaches (e.g., Hapke et al., 2013; Sopkin et al., 2014).
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These changes to the subaerial component of the coastal system can be
evaluated, both over the long-term and in response to severe storms,
through the use of repetitive aerial photographs and airborne lidar
topographic surveys. However, changes to the adjacent subaqueous
regions, including the shoreface and inner continental shelf, are not as
easily assessed, even though they compose the fundamental framework
of the coastal zone, and are critical areas with regard to navigation,
aggregate resources, marine habitats, and seaﬂoor morphological
evolution. The thickness and distribution of mobile sediments on the
inner continental shelf is poorly documented in most areas, and little is
known about how these sedimentary deposits are modiﬁed during
high-energy events such as extratropical storms and hurricanes.
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Fig. 1. Map of US East Coast showing track of Hurricane Sandy (black line with –x- and timed positions), 100 m isobaths (thin black line), and numerical results of (A) maximum water
level surge (increase of water level above normal tide) and (B) timing of maximum surge. Locations shown in (A) for water level stations of Fig. 5 (WH: Woods Hole; BA: Battery; SH:
Sandy Hook; LE: Lewes; and CH: Charleston).
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Understanding the form and magnitude of seaﬂoor morphologic
change is critical to developing coastal sediment budgets, as well as
increasing our knowledge of how these processes are time-integrated
into the decadal and longer timescales of continental margin sedimen-
tation (e.g., Riggs et al., 1995; Schwab et al., 2013; Miselis and
McNinch, 2006; Denny et al., 2013).
Observations of impacts to the seaﬂoor in the coastal zone (includ-
ing shoreface and inner continental shelf) from hurricanes are sparse
due to the logistical and technological diﬃculty in data collection
required for measuring seaﬂoor changes (e.g., Goﬀ et al., 2015; Schwab
et al., 2016). Observations of oceanographic and sediment transport
conditions during hurricanes are also typically rare, and often observed
by chance (Wren and Leonard, 2005; Teague et al., 2007). However,
these types of observations are becoming more available as long-term
instrumented ocean observatories are sustained and new techniques
using remote vehicles allow observations during the events (e.g., Miles
et al., 2015).
As compared to observations, numerical simulations of hurricanes
and severe Nor'Easters are more readily available. Predictions have
shown substantial improvements over the past few decades primarily
though improvements to coarse-grid, global models (Goerss, 2006;
Marks and Shay, 1998; Wang and Wu, 2004; Bender et al., 2007).
Forecasts of hurricane tracks have shown gradual improvements over
the years, primarily attributed to several research areas including
improved assimilation of satellite and aircraft observations, better
representation of the hurricane vortex, and improved representation
of tropical physics (Rogers et al., 2006). However, improvement in
tropical cyclone intensity prediction has been slower to develop
(Rogers et al., 2006; Wada et al., 2010), often attributed to deﬁciencies
of numerical models in three areas: coarse grid spacing, poor formula-
tions of the surface and boundary layers, and lack of coupling to a
dynamic ocean (Chen et al., 2007).
Developments of coupled modeling systems have progressed re-
cently, with a full review of recent advances and core technical and
scientiﬁc issues summarized by Peng et al. (2012). A main advantage of
coupling an ocean, sea ice, or wave model to an atmosphere model is
that they provide the atmosphere with dynamic feedbacks of sea
surface temperatures and surface roughness for momentum and heat
ﬂux computations. These in turn modify the atmospheric processes and
feedback to the ocean and wave dynamics. Model coupling has been
shown: 1) to increase predictability of sea surface temperatures for
simulating Hurricane Isabel (2003; Warner et al., 2010); 2) the eﬀects
of waves to increase the sea surface roughness thus creating reduced
wind speeds and producing more accurate atmosphere - ocean dynamic
during Nor'Ida (2009; Olabarrieta et al., 2012); 3) to provide more
accurate intensity predictions for Hurricane Ivan due to sea surface
temperature feedbacks (2004; Zambon et al., 2014a); 4) that there was
a lack of signiﬁcant ocean feedback on the hurricane intensity dynamics
for Hurricane Sandy because of its fast translation speed (2012;
Zambon et al., 2014b); and 5) the signiﬁcance of air-sea exchanges
during extratropical cyclones (Nelson et al., 2014) and coastal storm
events (Renault et al., 2012).
Although numerical simulations of large-scale storm events have
advanced in recent years, predictions of sediment transport and
geomorphic change are still challenging. A common agreement is the
need to use coupled modeling systems that can communicate dynamic
changes between all components of the modeling system during the
simulation, such as breaching of barrier islands and wave-current
interactions at tidal inlets. These processes can modify water exchange
between the open-ocean to back-barrier bays to enhance ﬂooding
hazards, and can exchange sediment between the nearshore and inner
continental shelf (Olabarrieta et al., 2011; De Vet et al., 2014).
Additionally these modeling scenarios require oceanographic observa-
tions (waves, winds, currents) to provide ground truth of model
predictions and require geologic information to provide baseline data
for the composition of the bottom substrate, sediment grain size,
seabed roughness, sediment availability, and coastal ocean topography.
In response to Hurricane Sandy, the U.S. Geological Survey (USGS)
is leading a multi-faceted mapping and research program designed to
guide recovery and restoration eﬀorts (Buxton et al., 2013).
Components of the program link coastal processes to vulnerability,
including how to quantify oﬀshore sand resources suitable for recovery
eﬀorts, establish linkages between nearshore geology, ocean processes,
and barrier island response; and develop models that predict the
coastal response to oceanographic forcing, assess vulnerability, and
predict barrier island evolution. Fire Island, NY, a barrier island along
southern Long Island (Fig. 1), and the adjacent inner continental shelf
has been a primary focus of the USGS Hurricane Sandy response
(http://woodshole.er.usgs.gov/project-pages/coastal_change/study-
sites/ﬁre-island.html). The USGS has long been involved in research in
the New York inner-continental shelf starting in 1996 with the
objectives of evaluating the inﬂuence of the regional geologic
framework on coastal evolution, and formulating a conceptual model
of sediment ﬂux in the coastal ocean (Schwab et al., 2000a, 2013). In
May of 2011, the USGS conducted a high-resolution marine
geophysical survey of the lower shoreface and inner continental shelf
oﬀshore of Fire Island using interferometric sonar and seismic-
reﬂection techniques (Schwab et al., 2014b). Ultimately, this survey
served to document conditions on the Fire Island inner continental
shelf prior to the passage of Hurricanes Irene (Aug. 2011) and Sandy
(Oct. 2012). The USGS, in cooperation with the U.S. Army Corps of
Engineers (USACE), conducted additional surveys in 2014 to document
post-storm conditions. These additional eﬀorts re-surveyed the 2011
study area using a high-resolution multibeam echosounder, and
focused on a series of shoreface-attached sand ridges oﬀshore of
western Fire Island using a high-resolution seismic-reﬂection proﬁler
(Schwab et al., 2016). The objectives of the post-storm surveys were to
determine the impact primarily from Hurricane Sandy on the inner
continental shelf morphology and modern sediment distribution, and
broaden the baseline geospatial framework for sediment transport and
coastal change model development. It is further emphasized that the
surveys in 2014 included impacts from all events between 2011–2014,
however, the impact from Hurricane Sandy is considered the most
signiﬁcant because it had a greater intensity and subaerial impact than
any other event in the time period. Additionally, as described in the
modeling section, analysis of a forecast modeling archive show the
impacts of Irene were signiﬁcantly less than that of Hurricane Sandy,
and further supports that Hurricane Sandy was likely to be the
dominant impact during this time period.
The research presented here is part of this larger eﬀort to better
understand the physical processes controlling coastal change during
large storm events and to further the understanding of storm-driven
sediment ﬂux on the inner continental shelf. In this manuscript we
focus on the applications of a coupled three-dimensional deterministic
numerical modeling system to simulate the oceanographic and mor-
phologic changes during Hurricane Sandy. Because the storm event
occurred for many days and covered a large geographic region, the
modeling approach encompassed the entire US East Coast and utilized
a grid nesting method to provide a reﬁned solution in a region of
detailed seaﬂoor observations. Numerical results of oceanographic
conditions are compared to observations along the entire US East
Coast, and numerical results of morphologic change are also shown for
the entire US East Coast with a detailed comparison to observations of
geologic framework changes along Fire Island, NY.
2. Geologic setting
The US East Coast is an open coastline that can be broadly
characterized by the rocky coast of the Gulf of Maine (GoM) and sandy
shores lined with barrier islands predominately in the Mid Atlantic
Bight (MAB) and South Atlantic Bight (SAB) (Fig. 1). The continental
shelf along the coast varies in width from 5 to 120 km in the SAB from
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100 to 200 km width in the MAB(Fig. 1). Sediment distribution varies
locally, but is typically composed of coarse sand, sand, and regions of
silt and clay in the SAB and MAB, with increasing content of sandy clay
and silty clay in the central region of the GoM (Poppe et al., 2014).
A principal area for our Hurricane Sandy impact study has been the
inner continental shelf and southern coastal region along Long Island,
NY. Investigations provided a unique geologic framework assessment
and inner-shelf changes from an extreme storm event on a regional
scale. This region consists of reworked glacial outwash associated with
the Wisconsinan Laurentide glacial advance (Stone and Borns, 1986)
and includes shallow back-barrier bays, marshes, and low relief, sandy
barrier islands (Leatherman, 1985). Located within this barrier-island
system is Fire Island, a 0.5-km-wide, 50-km-long barrier island bound
by two tidal inlets managed as navigation channels, Moriches Inlet to
the east and Fire Island Inlet to the west (Fig. 2). A more thorough
review of the regional geologic framework and coastal evolution of the
Fire Island study area, including major inner continental shelf sedi-
mentary sequences, sediment distribution, and shelf morphology, is
presented in Schwab et al., (2000a, 2013, 2014b), and brieﬂy summar-
ized below.
The inner-shelf oﬀshore of Fire Island is characterized by a
centrally located high-backscatter gravelly sand deposit, a series of
shoreface connected sand ridges to the west, and a region of sorted
bedforms to the east (Fig. 2). East of Watch Hill, the Pleistocene-age
outwash deposit, primarily composed of poorly to very poorly sorted,
medium-grained sand to gravel, is exposed at the seaﬂoor (Schwab
et al., 2013). Here, geophysical data show numerous high-backscatter,
< 2 m deep depressions oriented ~60–70° to the shoreline that are
interpreted to be sorted bedforms (Fig. 2). Schwab et al. (2013)
interpreted the relatively high-backscatter base and eastward-facing
ﬂanks of the sorted bedform troughs to be indicative of continued
erosion of the seabed by oceanographic processes and net westward
transport direction of reworked sediment. In the central part of the
region in water depths greater than ~18 m, the eroded remnants of an
outwash lobe are identiﬁed as a high-backscatter gravelly lag deposit
(Fig. 2; Schwab et al., 2014b). Schwab et al. (2013) inferred that
erosion of this headland during Holocene marine transgression yielded
an abundant volume of very ﬁne- to medium-grained sand, a primary
source of sediment for the development of the shoreface-connected
sand ridges oﬀshore of western Fire Island.
Shoreface-connected sand ridges (SFCRs), similar to those located
oﬀshore of western Fire Island have been described in numerous
investigations of the North American inner continental shelf where
they have seaﬂoor expressions ranging from ~1–10 m, become more
asymmetric with increasing water depth, and their longitudinal axes
are typically oriented ~10–50° relative to the shoreline, matching the
predominant storm wave approach direction and open into the ﬂow
direction of the dominant alongshore current (Duane et al., 1972;
McKinney et al., 1974; Swift and Freeland, 1978; Figueiredo et al.,
1981; Swift and Field, 1981; Stubbleﬁeld et al., 1984). The similarity in
characteristics suggests a common set of processes is responsible for
the origin and maintenance of these sedimentary structures
(Trowbridge, 1995; Falques et al., 1998; Calvete et al., 2001; Nnaﬁe
et al., 2014; Warner et al., 2014). These SFCRs oﬀshore of Fire Island
vary in size and conﬁguration but are, in general, on the order of 10 km
in length, have a crest to trough relief on the order of 6 m, spaced about
3 km apart, and oriented obliquely from the coastline on average about
30 degrees clockwise (Fig. 3). Comparison of the sand ridge morphol-
ogy with the morphology of the underlying Holocene marine trans-
gressive surface (stratigraphic unconformity separating the modern
sand deposit from the underlying Pleistocene deposit; a time-trans-
gressive erosional surface formed by rising sea level) and backscatter
variations over the ridges were interpreted to indicate that these ridges
have moved westward since formation (Schwab et al., 2014b).
Pre- and post-Hurricane Sandy maps of modern sediment thickness
on the inner continental shelf oﬀshore of Fire Island were determined
by comparing isopachs produced from interpretations of the 2011 and
2014 seismic-reﬂection data (Fig. 3B and C). Sediment thicknesses
were computed by converting along-track, two-way travel times
between the seaﬂoor and the Holocene transgressive unconformity
horizon to a thickness, assuming an internal seismic velocity of
1500 m/s (Schwab et al., 2014a). In general, the isopachs of modern
sediment vary from a thin veneer to almost 6 m thick to comprise the
morphology of the SFCR. There is also a relatively thick modern
sediment deposit close to the coast near the western limit of the study
area (Fig. 3B). This deposit is the lower shoreface; i.e., the toe of the
modern beach platform (Schwab et al., 2013, 2014b).
3. Numerical modeling
To investigate the storm dynamic processes we utilize the COAWST
numerical modeling system that incorporates ocean circulation, surface
waves, and sediment transport components (Warner et al., 2010).
Other capabilities, including an atmospheric model, are available in
this coupled system and have been used to investigate Hurricane Sandy
atmosphere - ocean dynamics (Zambon et al., 2014a, 2014b). This
series of applications, however, utilized a set of atmospheric surface
forcings (described below) and ran the other model components to
focus on the oceanographic and wave response during the storm. For
the oceanographic circulation we use the Regional Ocean Modeling
System (ROMS), a three-dimensional, free-surface, topography-follow-
ing numerical model, which solves ﬁnite diﬀerence approximations of
Reynolds Averaged Navier Stokes (RANS) equations using hydrostatic
and Boussinesq approximations with a split-explicit time stepping
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algorithm (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008;
Shchepetkin and McWilliams, 2009). ROMS includes options for
various model components such as diﬀerent advection schemes
(second, third and fourth order), turbulence closure models (e.g.,
Generic Length Scale mixing, Mellor-Yamada, Brunt-Väisälä frequency
mixing, user provided analytical expressions, K-proﬁle parameteriza-
tion), and several options for boundary conditions. For surface waves,
the model utilizes the Simulating Waves Nearshore (SWAN), a spectral
wave model that solves for the transport of wave action density and
includes source terms from wind and sink terms to include wave energy
dissipation due to whitecapping, breaking, and bottom friction (Booij
et al., 1999). The sediment routines are from the USGS Community
Model for Coastal Sediment Transport (Warner et al., 2008) and
include many capabilities such as suspended load, bed load, cohesive
and non-cohesive, and multiple sediment classes. This speciﬁc applica-
tion only used the non-cohesive routines for suspended and bedload
transport.
The numerical simulations were performed on a coupled, triple-
nested grid conﬁguration. The outermost grid covers the US East Coast
and Gulf of Mexico with a spatial resolution on the order of 5 km
(Fig. 4A). This US East grid (USE) is typically large enough to
encompass the full scale of a hurricane or extra-tropical storm system.
Nested within the USE grid by a scale factor of 7 is the New York Bight
grid (NYB) with a spatial resolution on the order of 700 m (Fig. 4B).
This scale was selected to capture the landfall of Hurricane Sandy. The
third grid was further nested with a scale factor of 7 to cover the inner
continental shelf (SHF) within the extent of Fire Island study area
(Fig. 4C) and has a spatial resolution on the order of 100 m. All three
grids were simulated concurrently as a nested-coupled application:
two-way ocean reﬁnement and one-way wave reﬁnement with fully
coupled exchanges between all three grids for the ﬁelds of water levels,
currents, bathymetry, and bottom roughness from the ocean to the
wave model; and wave dissipation, height, length, direction, surface
and bottom periods, and bottom orbital velocities from the wave to the
ocean model. The relevant ocean physics that include waves are surface
enhanced roughness due to the waves from Taylor and Yelland (2001),
surface enhanced ﬂux of turbulent kinetic energy due to wave breaking
based on Craig and Banner (1994) with an increased roughness
dependent on the sea state (Carniel et al., 2009), wave eﬀects on
currents as described in Kumar et al. (2012) based on the approach
from Uchiyama et al. (2010), and the enhanced bottom roughness due
to waves from Madsen (1994). The wave dynamics that are enhanced
from coupling to the ocean model include the eﬀects of varying bottom
roughness, changes in water level, and eﬀects from near-surface
currents based on Kirby and Chen (1989).
The larger USE grid is run as part of a coupled daily forecast that
has been ongoing for the past several years (Warner et al., 2010). For
the numerical simulations as part of this speciﬁc study, the initial
conditions for all 3 grids were obtained from that forecast database,
and then the triple nested conﬁguration was simulated from October
25 to November 5, 2012. This encompasses the period from when the
hurricane ﬁrst began to impact the southern coast of the US, until after
it made landfall. Model results from the forecast on the larger grid will
also be presented on days before and after the triple nested conﬁgura-
tion to show continuity of output.
For the triple nested conﬁguration, the ocean model was forced
with atmospheric data of winds, pressure, air temperature, relative
humidity, precipitation, and heat ﬂuxes from combined data sets of
NAM and NARR (http://nomads.ncdc.noaa.gov/data.php). Lateral
open boundaries were prescribed with velocity, salt, and temperature
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from HYCOM (http://tds.hycom.org/thredds/dodsC/GLBa0.08/expt_
90.9), and during the simulation the model tracer ﬁelds of salinity and
temperature were nudged to HYCOM data on a four-day time scale.
The wave model was simulated with the same wind forcing as the ocean
and was also prescribed with parametric wave data along the USE grid
open boundary from WaveWatch III (ftp://polar.ncep.noaa.gov/pub/
history/waves/). In practicality, due to the magnitude of this storm and
the extent of the USE grid, the lateral wave boundaries did not have
signiﬁcant inﬂuence on the model results.
For the USE grid, the sediment texture was initialized from the
USGS national sediment database (Poppe et al., 2014) and includes six
grain-size classes that are described in Table 1 (with parameter values
used for Equation 23, Warner et al., 2008). This distribution has been
numerically evolving for the past several years as part of a forecast
system and results presented here include that evolution. The NYB and
SHF grids were also initialized with the same six classes. These classes
represent the range of material observed on the seaﬂoor in this region
(Schwab et al., 2000b). However, because adequately resolved spatial
distributions are not available for all regions of these reﬁned grids, they
were initialized with a uniform sediment distribution composed of the
same six classes. Sensitivity tests were performed to evaluate initial
sediment distributions and sensitivity to erosion rate magnitudes.
Results indicate that spatial patterns remained consistent and were
not sensitive to the initial sediment ﬁeld. However the magnitude of
bed elevation change did depend on initial conditions, the number of
grain size classes used, and more signiﬁcantly to erosion rate para-
meters. These values were based on comparisons to other modeling
scenarios and local (non-hurricane) storm observations. Ultimately,
the spatial patterns remained the same, only the magnitude of change
varied.
The model grids were time stepped with 180, 30, and 15 s (for USE,
NYB, and SHF grids) for the ocean, and 300, 60, and 30 s for the wave
model. During the few days of landfall simulation, the ocean time steps
Fig. 4. Numerical model grids for both ROMS and SWAN conﬁgured for reﬁned concurrent coupling. Every 10th grid line shown for clarity, with grid resolution approximately: A) USE,
5 km; B) NYB, 700 m; and C) SHF, 100 m.
Table 1
Modeled sediment types.
Mean grain
size
Density Settling
velocity
Erosion rate Critical
erosion
stress (Pa)
Bed porosity
(phi) (mm) (kg m−3) (mm s−1) (kg m−2 s−1) (-)
(0) 1.0 2650 140.0 1E-3 0.53 0.7
(1) 0.5 2650 57.0 1E-3 0.27 0.7
(2) 0.25 2650 27.0 1E-3 0.19 0.7
(3) 0.125 2650 8.7 1E-3 0.14 0.7
(4) 0.0625 2650 2.4 1E-3 0.09 0.7
(5) 0.03125 2650 0.62 1E-3 0.06 0.7
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were reduced to 45, 15, and 5 s because the ocean currents became
considerably stronger and the explicit time stepping stability criteria
limited the time steps.
In order to assess the impact of diﬀerent physical processes, several
numerical simulations were performed. Run 1 was a realization that
included full exchanges between the ocean and wave models, as
described previously. Run 2 was the same as Run 1, but did not allow
the eﬀects of waves on currents, and did not impose any surface winds
or atmospheric pressure changes on the ocean, but was still forced with
tides, baroclinicity, and Coriolis force. Diﬀerences between Run 1 and
Run 2 will identify the increase of oceanic water levels (surge) due to
the storm winds and atmospheric pressure. Results are presented both
from each grid separately and as a composite. Because the two-way
nested results of the ﬁner grid are averaged back into the coarse grid,
the solutions is really seamless with varying spatial resolution. Here we
sometimes identify which grid the results are from for clarity.
4. Results
4.1. Water levels
In addition to the eﬀect of tides, changes in water levels along the
inner continental shelf and coast occur due to wind-driven ﬂows,
Stokes transport, and the lower atmospheric pressure. As the storm
tracked north, water levels increased along the entire US East Coast,
typically for at least 8 tidal cycles over the storm event. Increased surge
occurred along the storm track itself, but predominately to the west and
north of the track, with the greatest impact in the NYB. Fig. 5 shows
time series of water levels from ﬁve locations along the coast (identiﬁed
in Fig. 1) that were observed (blue lines), and predicted from Run 1
(full storm dynamics, red lines) and Run 2 (reduced forcing on ocean,
black lines). At Charleston, SC, there was a slight increase in water
levels with a high tide that reached approximately 1.2 m above mean
sea level (MSL) near October 28 at 1200 UTC. This was only a surge of
approximately 0.40 m greater than a tide that would have occurred
without the storm. Further north at Lewes, DE, the maximum water
level reached approximately 1.9 m above MSL near October 29 at 1200
UTC, which was a greater surge of approximately 1.2 m over the
normal tide level. Peaks in water level at Sandy Hook, NJ, the Battery,
NY, and Woods Hole, MA, all occurred near the storm landfall on
October 30, 0000 UTC, with maximum water levels of nearly 3.2 m
above MSL at Sandy Hook and the Battery, and 1.7 m above MSL at
Woods Hole, consistent with observations. These water levels were all
greater than the tide-only scenario, with maximum modeled storm
surge on the order of 2.6 m at Sandy Hook and the Battery, and 1.3 m
at Woods Hole.
The maximum predicted surge for the entire US East Coast and
Gulf of Mexico was computed by taking the diﬀerence in water of the
full simulation with all the forcings (Run 1) minus the simulation
with mainly tidal forcing (Run 2). This allows visualization of the
distribution of the maximum surge that occurred during the storm
(Fig. 1). Along the hurricane track in the open ocean, the surge was
on the order of 0.75 m. This is consistent with a change in water level
height due to a drop of pressure from about 1025 mb of typical
atmospheric pressure to ~945 mb in the eye of the hurricane. This
change in pressure resulted in an increase of sea level that can be
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Fig. 5. Time series of water levels (m; MSL) at 5 locations along US East Coast showing observed data (blue), predicted full storm dynamics (red Run 1), and predicted tide only (black
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computed from the hydrostatic balance of Δh=ΔP/(ρ g)=(1025–
945 mb)/(1025 Pa*9.81 ms−2) ~ 0.80 m, where h is water level
diﬀerence, P is pressure, ρ is density, and g is gravitational accel-
eration. Along the SAB coastline, the maximum surge was also on the
order of 0.70 m that extended across the shelf width (100 m isobath,
dotted line on Fig. 1). In the MAB the surge was the greatest in NY
Bight region, reaching over 2.5 m. This location was in the right front
quadrant of the storm and the shape of the coastline allowed water to
be funneled into this region and the water elevation ampliﬁed. In
Massachusetts Bay, surge also reached over 1 m along the US East
Coast due to the wind ﬁeld extending almost 1000 miles wide just
prior to landfall (Schubert et al., 2015). Increased water levels were
shown to extend as far north as the Bay of Fundy.
The timing of the maximum surge (Fig. 1B) is consistent with the
translation of the hurricane center. Maximum surge occurred along the
SAB coast near October 28 (Fig. 1B). At that time the hurricane eye was
southeast of the SAB. Similarly, the maximum surge along the coast of
the Outer Banks of NC occurred near October 29 at 1200 UTC when the
storm was oﬀshore of Cape Hatteras. The maximum surge in the NYB
occurred at landfall on October 29 at 2300 UTC. Along the outer shelf,
oﬀshore of the MAB-SAB, there are locations that show maximum
surge after landfall, occurring when winds were blowing oﬀshore and
during relaxation of the inner shelf setup.
4.2. Waves
Hurricane Sandy produced large waves along the entire US East
Coast and in the GoM. Comparisons between observed and modeled
signiﬁcant wave heights (Fig. 6) show a strong agreement, with the
storm having a distinctive peak in wave height. At the entrance to the
Chesapeake Bay (NDBC 44099; water depth ~18 m) wave heights
reached up to 5 m with a peak on October 29 at 0200 UTC. Coastal
wave heights increased northward reaching up to 7 m at the Delaware
Bay entrance (NDBC 44009; water depth ~30 m), and up to 10 m
oﬀshore south of Long Island (NDBC 44065; water depth ~25 m) and
south of Block Island (NDBC 44097; water depth ~48 m). These buoys
were positioned in the northeast quadrant of the storm where wave
heights are ampliﬁed due to increased surface ocean stress produced by
winds blowing in the direction of storm propagation.
The maximum simulated wave heights that occurred at any instance
in time during the Hurricane are shown in Fig. 7A. The storm created
increased wave heights along the entire US East Coast, with minimal
impact in the Gulf of Mexico. While the Hurricane was oﬀshore in the
SAB, regions of increased wave height developed oﬀshore of the shelf
break (oﬀshore of the 100 m contour, Fig. 7A) reaching over 13 m.
Local peak values occurred because the waves were travelling in
opposition to the Gulf Stream and therefore the relative wave speed
was reduced and created current-induced shoaling of the waves.
Landward of the 100 m isobath, the waves were considerably smaller
due to wave energy loss from bottom friction, however, heights still
reached up to 5 m along the inner continental shelf. As the storm
translates, the maximum waves are typically in the right front quadrant
(Fan et al., 2009). During Hurricane Sandy, predicted maximum wave
heights did occur in the right front quadrant, especially when the storm
turned towards the northwest on October 29 at 0600 UTC. Maximum
coastal waves occurred where the storm made landfall on the right
front quadrant on October 30 at 0000 UTC, and oﬀshore the wave
heights reached upwards of 10 m in a band that stretched 1000 km
wide.
Generally along a hurricane storm track, wave height maximums
precede passage of the eye of the storm, due to reduction of wind stress
in the inner eye and lower relative wind speeds on the back side of the
storm. However, model results suggest that for Sandy the maximum
heights occurred along the track after the eye had passed (Fig. 7B). This
is most likely because the storm had multiple peaks of intensity. On
October 25 at 0500 UTC the storm had a low pressure of 955 mb, but
then gradually weakened until October 26 at 1800 UTC to 970 mb.
After that the storm re-intensiﬁed until early on October 29 and
reached a secondary minimum of 940 mb (Blake et al., 2013). This
cycling of intensity can cause wave heights produced in the rear
quadrants of a storm during later periods of higher intensity to exceed
those produced in the leading quadrants during earlier periods of lower
intensity.
Model results suggest that maximum water level surge (Fig. 1)
preceded maximum wave heights (Fig. 7) along the track of Hurricane
Sandy. This is because the water level displacement at the eye is
predominately driven by the reduction in atmospheric pressure. In
general during Sandy the timing of the largest wave heights occurred
before the highest water levels on the inner continental shelf of the
SAB, on the order of 8–15 h. On the inner continental shelf oﬀshore of
the Chesapeake Bay mouth the highest water levels occurred before the
maximum wave heights on the order of 8–10 h. At the location of
landfall, the highest water levels occurred before the maximum wave
heights on the order of just a few hours.
4.3. Surface Currents
Ocean surface currents along the US East Coast are driven primarily
by tides and surface wind stress. Surface tidal currents in the SAB and
MAB can reach up to 0.5 ms−1 and typical wind-driven currents can
reach up to 1 ms−1 (Sullivan et al., 2006; Armstrong et al., 2011, 2014).
Coastal surface currents are continuously derived, maintained, and
distributed by the High-Frequency Radar National Network (HFRnet;
http://cordc.ucsd.edu/projects/mapping/). Data were obtained for the
US East Coast, 6 km resolution, hourly real time vectors data set as a
combined source from a distributed network of shore-based high-
frequency radar systems (HFRADAR). Data are typically available
continuously along the US East Coast from Cape Hatteras north to
Cape Cod, out to a distance of approximately 350 km. But as Sandy
approached data availability became limited in many areas. Modeled
surface (upper most grid cell) currents are compared to the HFRADAR
measurements.
During Hurricane Sandy the maximum simulated surface stress
exceeded 6 Pa oﬀshore of the MAB coastline. On October 29 at 0000
UTC the hurricane was centered approximately 500 km oﬀshore east of
Cape Hatteras (latitude 33.9, longitude −71.0). The wind stress drove
an enhanced surface current towards the southwest in the MAB and
north into the Gulf of Maine (Fig. 8A). Modeled surface currents (black
arrows) show an onshore transport and bifurcation of the currents
south of Cape Cod that lead west along the southern coast of Long
Island and north into the Gulf of Maine. Winds along the coast were
predominately towards the southwest and drove a surface current to
the west (south of Long Island) and towards the southwest along the
coasts of NJ, DE, MD, VA, and NC. Surface currents from the COAWST
model also follow the coast and agree with the HFRADAR observations,
both in direction and magnitude, with speeds on the order of 0.5 ms−1.
The modeled currents show the Gulf Stream meandering towards the
northeast with an eddy near the eastern boundary of Fig. 8A. Also the
currents split south of Cape Cod to show ﬂow into the Gulf of Maine
that match the HFRADAR observations.
As the Hurricane approached the coastline on October 29 at 1800
UTC, the eye was centered in the MAB near −73 longitude and 38
latitude and wind speeds intensiﬁed along the coast (Fig. 8B). Coastal
surface winds reached near 20 ms−1 and the oﬀshore wind speed
maximum was over 40 ms−1. South of Long Island winds were still
westerly, but farther south, winds along the coast shifted oﬀshore
between Delaware and Cape Hatteras. The coastal surface currents
increased to over 2 ms−1 along the coast oﬀshore of New Jersey south
to North Carolina. The strength and direction of the modeled currents
are in agreement with the HFRADAR measurements (Fig. 8).
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4.4. Bottom currents and stress
Modeled bottom (lowest grid cell) currents on the inner continental
shelf were typically smaller in magnitude than the surface currents,
reaching no higher than 0.5 ms−1. These bottom currents were of
suﬃcient magnitude in combination with waves to produce maximum
bottom stress during Hurricane Sandy over 8 Pa (Fig. 9A). In the SAB,
bottom stress peaks occurred on the east Florida shelf and across
Frying Pan, Cape Lookout, and Diamond Shoals oﬀshore of the
Carolinas Capes. In the MAB, bottom stresses were higher and more
prevalent over almost the entire continental shelf, with maximums in
the right front of the landfall, along the southern edge of Long Island,
and oﬀshore of Cape Cod on Nantucket Shoals and Georges Bank.
Focusing on the NYB, the higher-resolution bathymetry in the NYB
grid allows for a more detailed representation of the seaﬂoor topo-
graphy and hence the stresses (Fig. 9B). Along the coast of New Jersey
and the southern edge of Long Island the stresses reach as high as
~12 Pa. A zone of reduced stress is evident along the Hudson Shelf
Valley, with minimums in the valley resulting from depths exceeding
the limits of wave-induced stresses. Further reﬁnement (Fig. 9B) of the
SHF grid is overlaid on the NYB grid and shows more detail of stress
variation over the SFCRs along southern Long Island. The stresses vary
from up to 12 PA at the ridge crests to almost 7 Pa in the troughs. This
variation will produce gradients in sediment ﬂuxes causing seaﬂoor
changes.
5. Discussion
5.1. Sediment transport
Model results indicated that sediment transport occurred in both
bedload and suspended load fractions during Hurricane Sandy. For the
simulation, the suspended load was several orders of magnitude larger
than the bedload. On the USE grid, the sea-ﬂoor sediments were
composed of six sediment fractions that were based on the initial
distribution from the forecast (Table 1). In the Gulf of Maine
(Fig. 10A), the mean bed sediment grain size is coarser over
Nantucket Shoals and George's Bank and is on the order of 1 mm,
with a ﬁner grain size in the central region of less than 0.1 mm. The net
suspended sediment ﬂuxes during the storm show a counter-clockwise
rotation in the Gulf of Maine. Flow entered from south of Nova Scotia
and traveled northward toward the coast of Maine. A coastal current to
the south driven by winds moved sediment southwest along the outer
arm of Cape Cod, and south along Nantucket Shoals. Oﬀshore, ﬂux
around Georges Bank was clockwise with sediment entering GoM to its
west and exiting to its east. The largest sediment ﬂux was westward
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south of Cape Cod, where high bottom stresses (Fig. 9) occurred across
a relatively shallow region composed of ﬁne-grained, readily erodible
sediment.
In the MAB (Fig. 10B) the net suspended sediment ﬂux is to the
west and south along the coast. South of Long Island, the sediment is
driven west along the coast until it encounters the Hudson Shelf Valley,
where the sediment ﬂux is driven southward, down valley and oﬀshore.
This net down-valley ﬂux has been observed previously during large
storm events (Harris et al., 2003; Lentz et al., 2014). Immediately to
the southwest of the valley is a subtle, low relief zone composed of
coarser material over which the net ﬂux is slightly oﬀshore and towards
the southwest. Along the coast north of the Delaware Bay entrance
south to Cape Hatteras the ﬂuxes change in magnitude due to spatial
gradients in grain size, and increase towards the Cape as the shelf
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narrows and the ﬂows increase.
5.2. Seaﬂoor elevation changes
The predicted gradients in sediment ﬂuxes result in changes to the
sediment distribution and seabed elevation. As stated earlier, the
magnitudes of modeled seaﬂoor change are dependent on the grain
sizes and their properties of erosion rate parameters, settling velocity,
and critical stress for mobility. However, sensitivity tests identiﬁed that
although the magnitudes have uncertainty, the spatial patterns of
change remain consistent. These predicted changes in bed thickness
vary along the coast, but typically range from +/−0.4 m (Fig. 11A). At
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Fig. 8. Comparison of coastal HFRADAR derived surface currents (red) to COAWST surface currents (black), with wind vectors (blue) along US East Coast for Hurricane Sandy at (A)
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the scale of the USE model grid (5 km grid spacing), the resolved
seaﬂoor variations are at the same scale or greater. This means that
features such as the width of the inner continental shelf are well
simulated. As a ﬁner grid resolves more seaﬂoor features, predicted
changes over those features are, in turn, better resolved. In the Gulf of
Maine, sediment eroded at the southern tip of Nova Scotia was
transported and deposited approximately 25 km to the north. Similar
erosion was predicted south of Penobscot Bay, with that material
transported southwest and deposited along the coast. One of the larger
regions of predicted change is south of Cape Cod, at a location that has
a smaller grain size, where erosion on the order of 0.30 m resulted in
signiﬁcant transport and deposition to the west.
In the MAB, alternating patterns of erosion and accretion were
predicted along the shelf (Fig. 11A.) Deposition was indicated within
the Hudson Shelf Valley, while erosion occurred across its ﬂanks. At
Cape Hatteras, intense erosion on the narrow inner-continental shelf
Fig. 9. Maximum combined bottom stress during Hurricane Sandy for (A) USE grid and (B) NYB and SHF (thin outline) grids. Wider range scale in (B) reﬂects higher resolution of
predictions simulated using NYB and SHF grids.
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Fig. 11. Changes to seaﬂoor sediment thickness for A) USE (5 km) grid and B) NYB (700 m) grid. Panel (A) uses an evolved initial sediment distribution and panel (B) was initialized
uniformly. Results are consistent with deposition in the Hudson Shelf Valley and erosion on the ﬂanks. Change magnitudes < 0.001 m not shown in (A) for clarity.
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was accompanied by deposition oﬀshore of Diamond Shoals. These
patterns in the MAB are very similar to those simulated by Miles et al.
(2015), their Figure 14, M2015). Although the spatial patterns are
similar, there is a diﬀerence in the magnitudes of change in terms of
erosion and deposition between M2015 and ours. M2015 Figure 14
shows changes on the order of +/−4 cm, while our Fig. 11 is the best
comparison to their work and demonstrates changes on the order of
+/−20 cm, which is about 5 times greater, with a few isolated locations
with diﬀerences up to a factor of 10. This diﬀerence is most likely due
to several factors including our use of a higher erosion rate, which were
based on local observations, and our inclusion of 6 diﬀerent sediment
classes that can create more mobility (mostly from the ﬁnest class).
There is a need to have more conﬁdence in erosion and deposition
calculations based on more observations of the inner shelf seaﬂoor. In
the SAB, the major changes were predicted at Cape Lookout and Cape
Fear, where sediments were eroded from the shoal crests and deposited
to the southwest.
Higher-resolution predictions generated using the NYB grid
(Fig. 11B), suggest a region of erosion oﬀshore of central Fire Island
(corresponding to the submerged headland), as well as alternating
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patterns of erosion and accretion in the vicinity of the SFCRs, and other
areas of alternating erosion and accretion patterns along the NJ and
Long Island coasts. These results also suggest at least 25 cm of
deposition in the along the axis of the Hudson Shelf Valley, consistent
with previous ﬁndings that suggest down valley driven by westward
winds (Lentz et al., 2014).
Numerical results from the SHF grid provide the highest-resolution
prediction of seaﬂoor changes along Fire Island (Fig. 12A). Model
results show erosion dominated near the coast of eastern Fire Island,
with that material being transported to the west and slightly oﬀshore
during this event. Modeled results along the eastern region also show
alternating zones of erosion and accretion (Fig. 12A), and these linear
accretionary zones that extend seaward and are coincident with inner
shelf sorted bedforms (Fig. 2). Oﬀshore of the center of the island near
the grid boundary is the modeled region of greatest erosion (Fig. 12A)
that is consistent with the location of maximum bottom stress. This
location is coincident with the high-backscatter gravel area associated
with the eroded remains of a buried Pleistocene headland (Fig. 2). It is
unknown what actual stresses are needed to liberate sediment from
this location. However, the region is overlain with a veneer of sediment
that was certainly available to be eroded from this location. Along the
central and western segments of the island, in the area of the SFCRs,
alternate patterns of erosion and accretion were indicated with erosion
on ridge crests and deposition on the lee ﬂanks. The mean change of
modeled bed elevation for the region in the grid that is coincident with
the geologic mapping (Fig. 12 A, black outlined area) is −0.03 m.
The isopachs of surﬁcial sediment thickness interpreted from the
seismic-reﬂection surveys in 2011 and 2014 are useful for evaluating
the sea-ﬂoor elevation changes predicted by the model along Fire
Island. The diﬀerence between the 2011 and 2014 isopach values was
computed to yield a 50 m/pixel diﬀerence grid that illustrates areal
patterns of accretion and erosion over the three-year period within the
area common to the two surveys (Schwab et al., 2016; Fig. 12C). In the
vertical, a conservative estimate of the vertical resolution limits of the
subbottom proﬁling system is used and diﬀerences less than 0.10 m
(−0.10 to 0.10 m) are removed when showing change in sediment
thickness.
The spatial patterns of modeled bed elevation change on the SHF
grid closely agree with the change in modern sediment thickness
mapped from the 2011 and 2014 seismic-reﬂection data (Fig. 12B
and C). The isopach diﬀerence grid indicates a general pattern
consisting of erosion on the northeast-facing ridge ﬂanks and crests
of the sand ridges, and deposition on their southwest ridge ﬂanks and
in the troughs between them, indicating a net southwesterly migration
of the shoreface-connected sand ridges. Statistics computed on the
diﬀerence grid suggest that the modern sediment volume across the
~81 km2 of common seaﬂoor mapped in both surveys decreased by
2.8×106 m3; a mean change in sediment thickness of −0.03 m. Results
from the model are similar in pattern, but smaller in magnitude. This
may be due to the observed diﬀerence being from a 3-yr-long time
period, but the model diﬀerence is from only simulating one large
storm event with assumptions of modeled erosion rate parameters and
spatial variations in grain size. Direct observations of seaﬂoor sediment
changes are diﬃcult to make due to the fact that the changes can be on
the order of the accuracy of the measurements at large regional scales.
Repeated observations at regional scales are even more diﬃcult.
Thus, the combined impacts of Hurricanes Irene (Aug 2011) and
Sandy (Oct 2012) appear to have caused a southwesterly movement of
the sand ridges, with sediment eroded from the ridge crests and
deposited on the western ﬂanks or troughs. The modeling scenarios
simulated for this research focused on Hurricane Sandy, however the
impacts of Hurricane Irene are also inherently in the geophysical data
comparisons. However, analysis of the COAWST forecast modeling
archive show that the modeled impacts of Irene were signiﬁcantly less
than that of Hurricane Sandy, and identiﬁes that Hurricane Sandy was
likely to be the dominant impact during this time period.
6. Conclusions
Hurricane Sandy was a severe storm that impacted the US East
Coast in October 2012, causing massive coastal impacts. Post-storm
assessments identiﬁed subaerial changes to the coastal region. To
identify subaqueous impacts, geophysical surveys from 2011 and 2014
over coincident areas on the inner-continental shelf oﬀshore of Fire
Island, NY, were used to determine modern sediment thicknesses and
changes to the seaﬂoor from the storm. Numerical simulations were
performed for Hurricane Sandy using a coupled numerical modeling
system with grid reﬁnement to resolve increasing spatial resolutions
along the US East Coast (5 km), New York Bight (700 m), and oﬀshore
of Fire Island, NY (100 m). Comparison of model to observations of
water levels, waves, and currents demonstrates skill of the model
results and identiﬁes peak locations and times of maximum water
levels, wave heights, and bottom stresses. Analysis of the simulated
sediment changes shows alternating patterns of erosion and accretion
along the east coast, deposition in the Hudson Shelf Valley, and erosion
along crests and deposition in the troughs of SFCR oﬀshore of Fire
Island. Model results are consistent with the spatial patterns and
volumetric magnitudes of surﬁcial sediment changes measured from
time series seismic-reﬂection surveys. Model forecast archived results
support the conclusion that the majority of seaﬂoor changes observed
are related to the impact from Hurricane Sandy with minor eﬀects from
Hurricane Irene.
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